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PRELIMINARY  MEASUREMENTS  OF 
PHASE  STABILITY  OVER  LOW-LEVEL  TROPOSPHERIC  PATHS 

by 

M.  C.  Thompson,  Jr.  and  H.  B.  Janes 


GENERAL 


The  first  run  for  observing  phase  variations  over  a  low-level 
h  h 

path  was  made  from  1100  ,  9-  15-58,  to  1625  ,  9-  17-58.  The  path 
(Figs.  1-6)  was  from  Green  Mt.  (about  l/2  mile  west  of  the  Boulder 
Laboratories)  to  Table  Mesa,  (about  10  miles  north  of  the  Boulder 
Laboratories). 

As  shown  in  Fig.  2,  each  antenna  was  located  at  the  edge  of  a 
steep  slope  avoiding  ground  reflections  in  the  immediate  vicinity.  The 
path  passed  over  two  valleys,  each  running  east-west  and  separated 
from  each  other  by  a  relatively  flat-topped  mesa.  This  latter  would 
appear  to  constitute  the  major  ground-reflection  area  and  included  in 
the  region  of  the  radio  path  a  small  lake  (Roberts  Lake).  The  path 
length  as  determined  from  the  best  maps  available  is  9.4  miles.  The 
data  were  obtained  mostly  using  horizontal  polarization,  but  with 
three  periods  using  vertical  polarization.  The  instrumentation  was  an 
elaboration  of  that  described  earlier  r  The  measuring  frequency  was 
approximately  9400  MC  and  the  antennas  were  18"  dia^meter  parabolic 
dished  mounted  from  two  to  five  feet  above  local  ground  surface. 

Four  types  of  phase  records  were  obtained: 

1.  Low  pass  (0-1  cps)  with  sensitivity  of  Zl/z 
wave-lengths  (900°)  full-scale. 

2.  Low  pass  (0-1  cps)  with  sensitivity  of  100° 
full  scale. 
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3.  Band- pass  (0.03-1  cps  )  with  sensitivity  from 
2.5°  to  12.5°  full-scale. 

4.  Band-pass  (0.03-10  cps  )  with  sensitivity  from 
1.6°  to  8°  full-scale. 

Record  No.  1  was  made  on  a  Varian  G-ll  chart  recorder  oper¬ 
ated  at  0 .  1  inch/min. 

Records  Nos.  2  and  3  were  made  on  Esterline-Angus  charts  at 
3"/min.  and  12"/  min.  respectively. 

Record  No.  4  was  made  on  a  Sanborn  recorder  at  25  mm/sec. 

Supplementary  data  (Figs.  7  and  8)  consisted  of  surface  measure¬ 
ments  of  temperature,  pressure,  relative  humidity,  wind  speed  and 
direction  at  each  terminal.  During  the  period  of  this  run  the  general 
meteorological  conditions  are  summarized  as  follows: 

A  cold  front  moved  across  the  path  (roughly  in  a  direction  nor¬ 
mal  to  the  path)  during  the  period  1000  to  1200,  September  15.  The 
winds,  temperature  drop,  and  increase  in  relative  humidity  are  indi¬ 
cated  by  Figs.  7  and  8.  From  about  1300  until  1830  the  sky  was  over¬ 
cast  in  all  directions  and  a  light  rain  fell  steadily  over  all  or  part  of  the 
path  to  about  .  17  inch  total.  During  the  night  patches  of  ground  fog 
developed.  As  daylight  came  on  September  16,  from  the  tops  of  the 
mesas  (the  path  terminals)  fog  could  be  seen  for  many  miles  to  the  NE, 

E,  and  SE  lying  in  the  low  areas  of  the  terrain.  Following  sunrise  at 
about  0540,  these  pockets  of  fog  were  dispelled  progressively  until  by 
1000  the  entire  area  was  clear  with  excellent  visibility  and  partially 
cloudy  sky.  Pikes  Peak  was  clearly  visible  from  the  Table  Mesa  site 
from  the  onset  of  daylight  (about  90  miles  distance).  The  remainder 
of  the  run  was  conducted  in  completely  clear  weather  conditions. 


GREEN  MOUNTAIN  MESA  -  TABLE  MESA  PATH 


Figure  I 


TERRAIN  PROFILE  OF  GREEN  MOUNTAIN  MESA  -  TABLE  MESA  PATH 
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Figure  3  GREEN  MT.  MESA  TERM  I NAL 
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Figure  4  TABLE  MESA  TERMINAL 


Figure  5  VIEW  FROM  GREEN  MT.  MESA  TO  TABLE  MESA 


SUMMARY  OF  PHASE  AND  METEOROLOGICAL  DATA 
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RECORDS 

The  band-pass  Esterline-Angus  and  Sanborn  record  samples 
obtained  are  summarized  in  Tables  I  and  II.  A  continuous  record  of 

1*1  JL 

phase  from  1110  ,  9-15-58,  through  0340  ,  9"  17-58  (40.5  hours)  was 
obtained  from  the  Varian  chart  which  has  proved  valuable  in  evaluating 
interruptions  in  the  other  charts. 

The  general  nature  of  the  phase  variations  is  indicated  by  the 
scaled-down  plot  of  Fig.  9  and  by  the  samples  shown  in  Figs.  10,  11, 
and  12  . 

Fig.  9  illustrates  the  comparative  behavior  between  the  phase 
variation  over  the  entire  path  and  the  surface  refractive  index  (about  5 
feet  above  ground  level)  as  measured  at  each  path  terminal.  (For  this 
run  the  index  was  calculated  from  psychrometric  and  barometric 
measurements).  For  the  entire  period  of  the  run  a  correlation  of  0.915 
was  obtained  between  the  phase  and  the  average  of  the  end-point  indices. 
This  correlation  seems  clearly  to  be  a  function  of  the  period  over  which 
it  is  computed.  This  is  the  greatest  degree  of  correlation  noted  to  date 
between  these  parameters.  This  may  be  due,  in  part,  to  the  frontal 
passage  and  particularly  to  the  fact  that  the  motion  of  the  front  was 
approximately  normal  to  the  radio  path  so  that  essentially  all  parts  of 
the  path  experienced  the  change  in  air  mass  at  about  the  same  time. 

Figs.  10  and  11,  representing  the  same  time  interval  for  the  two 
days,  show  the  different  behavior  exhibited  during  the  frontal  passage 
and  the  clear  weather.  Similarly,  the  two  samples  of  Fig.  12  indicate 
the  differences  in  the  rapid  variations  observed  during  the  stormy  and 
the  quiet  period.  The  quantitative  differences  are  indicated  in  the 
spectra  in  the  following  section. 
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TABLE  I 


Total  number  of  band-pass  Esterline-Angus  samples:  31 

Full  -  scale 

Run  No.  Date  Time  Sensitivity,  Degrees  Polarization 


1 

9-15-58 

1110-1117 

12.  5 

Horiz . 

2 

9-15-58 

1129-1144 

5 

Horiz. 

3 

9-15-58 

1243- 1246 

12.  5 

Horiz . 

4 

9-15-58 

1546-1553 

5 

Horiz. 

5 

9-15-58 

1814- 1830 

5 

Horiz. 

6 

9-15-58 

2042-2057 

5 

Horiz. 

7 

9-  16-58 

0039-0054 

5 

Horiz . 

8 

9-  16-58 

0154-0200 

5 

Horiz . 

9-  16-58 

0201-0209 

2. 5 

Horiz. 

9 

9-  16-58 

0424-0430 

5 

Horiz. 

10 

9-  16-58 

0432-0435 

5 

Horiz . 

11 

9- 16-58 

0520-0535 

5 

Horiz . 

12 

9- 16-58 

0747-0803 

5 

Horiz. 

13 

9- 16-58 

0946-094930 

5 

Horiz . 

14 

9- 16-58 

0956-1004 

5 

Horiz . 

15 

9-16-58 

1150-115030 

5 

Horiz . 

16 

9- 16-58 

1202-1204: 

1204-1209 

12. 5 

Horiz . 

17 

9- 16-58 

1314-1316: 

1316-  1320 

12. 5 

Horiz . 

18 

9- 16-58 

1352-  1358 

12.  5 

Horiz. 

19 

9- 16-58 

1416- 1419 

12.  5 

Horiz . 

20 

9- 16-58 

1436- 1440 

12. 5 

Horiz . 

21 

9-16-5  8 

1524-1528 

12.  5 

Horiz. 

22 

9-16-58 

160115-1615: 

1615- 161850 

5 

Horiz. 

23 

9-16-58 

1823-182930 

5 

Horiz . 

24 

9- 16-58 

1843-185130 

5 

Horiz . 

25 

9-16-58 

1854-1908 

5 

Horiz. 

26 

9- 16-58 

2111-2123 

5 

Horiz. 

27 

9-16-58 

2315-2343 

12.5 

Horiz. 

28 

9-17-58 

1005-100730 

12.  5 

Horiz. 

29 

9-17-58 

1352-1410 

12.  5 

Vert. 

30 

9-17-58 

152  0-1549 

12. 5 

Horiz. 

31 

9-17-58 

1602-1625 

12.  5 

Vert. 

TABLE  II 


Total  number  of  Sanborn  Samples:  27 

F  ull-Scale 


in  No. 

Date 

Time  Sensitivity,  Degrees 

Polarization 

1 

9-15-58 

1110-111030 

8 

Horiz . 

2 

9-15-58 

1130-1135 

3.2 

Horiz. 

3 

9-15-58 

1243-1247 

8 

Horiz . 

4 

9-15-58 

1551-1556 

3.2 

Horiz . 

5 

9-15-58 

1814-1819 

3.2 

Horiz . 

6 

9-15-58 

2039-2042 

3.2 

Horiz . 

7 

9- 16-58 

0039-0044 

3.2 

Horiz. 

8 

9-16-58 

0154-0200 

3.2 

Horiz . 

9 

9-16-58 

0201-0209 

1.6 

Horiz. 

10 

9-16-58 

0432-0436 

3.2 

Horiz . 

11 

9-15-58 

0520-0530 

3.2 

Horiz. 

12 

9-16-58 

0747-0752 

3.2 

Horiz. 

13 

9-16-58 

0946-094930 

3.2 

Horiz. 

14 

9-16-58 

0956- 10Q1 

3.2 

Horiz . 

15 

9-16-58 

1202-1208 

3.2 

Horiz. 

16 

9-16-58 

1352-1358 

8 

Horiz. 

17 

9-16-58 

1523-1528 

3.2 

Horiz . 

18 

9-16-58 

1601-1606 

3.2 

Horiz. 

19 

9-16-58 

1823-1828 

3.2 

Horiz . 

20 

9-16-58 

2111-2116 

3.2 

Horiz. 

21 

9-16-58 

2320-2325 

8 

Horiz . 

22 

9-17-58 

0825-0828 

8 

Horiz . 

23 

9-17-58 

1005-1008 

8 

Horiz . 

24 

9-17-58 

1352-1357 

8 

Vert. 

25 

9-17-58 

1520-1524: 

1524-1529 

8 

Horiz. 

26 

9-17-58 

1544-1549 

8 

Horiz . 

27 

9- 17-58 

160230  to 

~ 16 1 500 

8 

Vert. 
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ANALYSIS  AND  POWER  SPECTRA 

One  of  the  principal  objectives  of  the  experiment  was  to  gather 

information  on  the  power  spectrum  of  time  variations  in  the  phase  of  a 

* 

microwave  signal  propagated  over  a  line- of- sight  path.  In  general, 
the  range  of  frequencies  for  which  the  power  spectral  density  can  be 
estimated  from  a  given  record  is  determined  by  the  length  of  the  con¬ 
tinuous  recording  obtained,  the  slope  of  the  spectrum  being  estimated, 
and  the  frequency  response  characteristic  of  the  recording  system.  In 
order  to  cover  as  much  of  the  spectrum  as  possible,  four  recording 
systems  were  used  to  measure  the  phase  variations. 

The  output  of  one  was  recorded  on  a  Varian  chart  moving  at  the 
rate  of  0.  1  inch  per  minute.  A  full-scale  sweep  of  the  pen  represented 
a  change  of  1800  degrees  in  the  difference  between  the  phase  of  the  sig¬ 
nals  received  at  the  two  path  terminals  (almost)  simultaneously.  The 
"single-path  phase"  data  discussed  here  was  obtained  by  simply  dividing 
this  "  two-way  phase"  by  two.  The  frequency  response  characteristic 
of  this  recording  circuit  is  essentially  flat  up  to  about  1  cycle  per  sec¬ 
ond.  However,  since  the  primary  purpose  of  this  record  was  to  measure 
gross  changes  in  phase,  the  dynamic  range  and  chart  speed  used  neces¬ 
sarily  precluded  the  study  of  spectral  frequencies  above  about  1  cycle 
per  minute.  Figs.  10  and  11  show  retracings  of  the  Varian  record.  The 
wide  range  of  values  recorded  without  loss  of  continuity  was  made  poss¬ 
ible  by  an  automatic  scale -shifting  arrangement  which  prevented  the 
trace  from  going  off  scale. 

The  method  of  estimating  the  power  spectrum  used  here  is  that 
given  by  Blackman  and  Tukey  2 J .  Briefly,  it  consists  of  computing  the 
Fourier  cosine  transform  of  the  autocovariance  function  of  the  time 
series  and  applying  appropriate  weighting  functions  to  the  result. 
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EXAMPLE  OF  SINGLE-PATH  PHASE  VARIATIONS 

(Retraced  from  Varian  Chart  Record) 
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EXAMPLE  OF  SINGLE-PATH  PHASE  VARIATIONS 

(Retraced  from  Varian  Chart  Record) 


(0J9Z  XjDJJiqJD)  SH19N313AVM 


SEPTEMBER  16,  1958 


EXAMPLES  OF  BAND -PASS  CHART  RECORDING 


Figure  12 
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The  output  of  the  second  recording  circuit  consisted  of  a  Sanborn 
chart  having  full-scale  ranges  of  1.6  to  8  single-path  degrees  and  moving 
at  the  rate  of  25  millimeters  per  second.  Two  examples  of  this  record 
are  shown  in  Fig.  12.  Its  frequency  response  characteristic,  shown  in 
Fig.  13,  consisted  of  a  pass-band  extending  from  about  0.03  cycles  per 
second  to  about  30  cycles  per  second.  This  circuit  was  operated  for  21 
periods  (see  Table  II),  each  about  five  minutes  in  length,  distributed 
over  the  40-hour  period.  Records  from  the  other  recording  channels 
were  not  used  in  the  analysis. 

Seven  of  the  21  Sanborn  recording  periods  were  chosen  for  the 
power  spectrum  analysis,  the  only  criterion  used  in  their  selection 
being  that  they  should  be  fairly  evenly  spaced  over  the  forty  hour  period. 
The  analysis  of  each  period  consisted  of  first  computing  the  spectrum  in 
the  range  0.83  to  12.  5  cycles  per  second  for  two  adjacent  data  segments 
each  0.  5  minute  in  length,  using  a  sampling  interval  of  0.  04  second. 

Then  the  two  segments  were  combined,  the  sampling  interval  increased 
to  0.2  second  and  the  spectrum  computed  for  the  range  0.083  to  2.5 
cycles  per  second.  This  yielded  14  sample  spectra  in  the  higher  fre¬ 
quency  range  and  7  in  the  lower  range  of  the  Sanborn  records. 

From  consideration  of  the  frequency  response  of  the  recording 
circuit  and  from  visual  inspection  of  the  records,  it  is  felt  that  the  7 
lower  range  spectra  are  not  seriously  contaminated  by  frequencies 
below  0.083  cycle  per  second.  However,  the  possibility  of  such  con¬ 
tamination  is  greater  in  the  14  higher  range  spectra,  so  the  latter  data 

* 

were  subjected  to  a  digital  trend  removal  process.  (In  all  cases,  the 


* 

This  process  consists  simply  of  computing  the  deviations  of  the 

variable  from  a  running  average,  computing  the  power  spectrum  of  these 

deviations  and  correcting  the  result  for  the  frequency  response  of  this 

high- pass  "filter."  This,  in  effect,  filters  out  variations  at  spectral 
frequencies  below  a  cutoff  frequency  which  is  determined  by  the  averaging 
time . 
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spectra  were  corrected  to  allow  for  the  recording  circuit  response.) 

The  analysis  of  the  Varian  low-pass  data  consisted  of  first 
digitizing  the  entire  40-hour  run  with  a  sampling  interval  of  0.  5  minute. 

Then  five  sample  spectra  were  computed,  each  using  6  to  8  hours  of 
data,  covering  the  range  from  0.00111  to  0.0167  cycle  per  second, 

( 1  / 1  5  to  1  cycle  per  minute.)  Then  two  sample  spectra  were  computed, 
each  using  15  hours  of  data  and  covering  the  range  from  0.  000278  to 
0.00417  cycle  per  second  (l/60  to  l/4  cycle  per  minute),  and  finally, 
one  spectrum  utilizing  all  40  hours  of  data  and  covering  the  frequencies 
from  0.  0000926  to  0.  00139  cycle  per  second  (8  cycles  per  day  to  l/l2 
cycle  per  minute).  In  each  case,  the  data  were  subjected  to  the  trend 
removal  process  to  minimize  the  effects  of  variations  at  frequencies 
below  the  range  covered  in  the  computation. 

Table  III  lists  miscellaneous  information  about  each  of  the  sample 
spectra.  The  individual  spectral  densities  for  each  sample  are  plotted 
in  Fig.  14.  The  points  shown  in  red  were  computed  from  data  recorded 
during  the  stormy  afternoon  of  September  15.  As  can  be  seen  in  Fig.  10, 
the  phase  recording  during  that  period  was  characterized  by  rapid  fluc¬ 
tuations  which  did  not  recur  during  the  remainder  of  the  experiment. 

The  corresponding  spectra  were  sufficiently  different  from  all  the  sub¬ 
sequent  ones  to  warrant  distinguishing  them  from  the  rest.  The  solid 
lines  join  the  medians  of  the  sample  spectral  densities  for  each  group 
of  spectra,  excluding  those  shown  in  red.  The  range  of  the  points  at 
any  given  frequency  is  determined  both  by  sampling  fluctuations  and  by 
more  or  less  long-term  changes  in  propagation  conditions  (non- stationarity) . 
Some  measure  of  the  relative  magnitude  of  these  two  effects  can  be 
obtained  by  considering  the  distribution  of  spectral  densities  to  be 
expected  if  the  samples  had  been  taken  from  the  same  statistical  popu- 
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CD 

U 

P 

P 

P 

> 


o 


ft 

m 


td 

£ 

'S 

o 

ft 

ft 

<c 


o 

+-> 

bo 

P 

<u 


P 

pP 

O 


<d 

T—\ 

o 

a. 


p 


KO 


bD  P 
tj  m 
5  P  -u 
u  Q  g 
<d  o 


i 


o 

h 

Li 

a> 

ft 

£ 

p 

in 


H 

(U 

'ft 

£ 

rd 

m 


•n 

<L> 

0) 

ft 

C/3 


in 

o 

<D 

bO  d  73 

o 

Q  in 

0) 

^  £ 

H  Ph 


o 

£ 

P 

d 


o 

2 


Ifl 

O' 


m 

cr¬ 


on 

o 

MO 

00 

CM 

CO 

P* 


-X- 

-X- 

7C 

O' 

o 

MO 

LO 

rg 

M0 

o 

pi 

CO 

o 

r—H 

r—H 

f*H 

oO 

00 

f\J 

00 

cO 

M0 

rg 

rg 

sO 

r-. 

r* 

rg 

in 

r-H 

r-H 

r-H 

O' 

o 


pH 

t'- 


P1 

r—H 

00 

00 

r- 

pi 

r- 

P1 

pi 

r—H 

O 

O' 

pi 

o 

O' 

o 

00 

r- 

00 

o 

MO 

pi 

in 

r- 

(M 

00 

co 

in 

. — 1 

o 

CM 

r—H 

o 

(M 

CM 

(M 

in 

o 

o 

O 

o 

o 

O 

r-H 

r—H 

(M 


CM 


U 

<U 

U) 

O 

00 


CO  00  00  CO  00  00  00 

m  in  in  in  in  m  in 

!  I  I  4  I  I  I 

in  h  m  >o  vo  f-  m 

f—H  «— H  r-H  r— H  r—H  r—H  r—H 

B  0  8  I  I  I  I 

O'  O'  O'  cn  O'  O'  cn 


(A 

z 

- 

pi 

pi 

CM 

CM 

CM 

CM 

rg 

rg 

CM 

o 

o 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

O 

o 

o 

o 

O 

O 

o 

O 

o 

o 

O 

o 

o 

CO 

CO 

m 

CO 

CO 

PC" 

oo 

CO 

ob 

oC 

"55" 

no 

00 

00 

00 

00 

00 

00 

00 

in 

in 

in 

in 

in 

LO 

LO 

in 

in 

in 

in 

in 

in 

in 

in 

in 

MO 

MO 

MO 

vO 

n- 

m 

m 

MO 

MO 

vX> 

vD 

M0 

in 

m 

r-H 

r—H 

r-H  - 

r-H  — 

r—H 

r-H 

r—H 

r—H 

^-H 

r—H 

r-H 

r—H 

r--H 

r-H 

O' 

O' 

O' 

O' 

O' 

O' 

1 

o 

O' 

O' 

a-' 

1 

CT' 

8 

a- 

1 

o 

O' 

1 

o 

t"  o 

(M  cO 
<  CO 
—i  O 


O  O  0 
o  o  o 

CO  <M  pr, 

O 


i— i  O  r— I 


0000000000un^c3'0s0c0 
cococococococococo^^ftcocMLncM 


00  00  CM  (O 

o  o 


00 


CM 


CO  CM  00 

C 0  — -1  r-H 


o 

o 


m  o'  m  h 
O  O  ' — •  CM 


- - 

LD  LD 
pi  pi 
CM  <M 


CO 

Jh 

L 

CO 

O 

pi 


Z 

- 

- 

Z 

z 

z 

xO 

00 

r- 

00 

00 

h- 

• 

• 

• 

> 

• 

• 

• 

pi 

MO 

n- 

Is- 

vO 

m 

O 

co-------- 

piCOOOOOOpiMO 

O'  o’  o’  o’  o’  o  oV  d1 

d  vO  'O  vO  \D  vO  'O  CM  CM 


m 

CM 


!h 

O 

X 


o 

o 

O' 


CM  CM  CM  CM  (M  CM 
OOCOCOCOCOCOCOOOOO 


P  £  “ 

•rH  g  10 

M  £  Cti 

P  H  CL 

> 


~p - 

^  rd  co 
O  p  co 
rt*  P  P 

3  «  n- 

m 


cn  m  n 


* — i  pi  f'- 


cO  CO 


CM 


in 


MO 


r- 


co 


0'Or-HCMC0M<inN0t^- 

r"H  r-H  r-H  »— H  r-H  >— H  r-H  r-H 


; 

\ 
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Thes,e  variances  were  computed  afte,r  the.  trend  removal  process,  and  hence  are  systematically 
smaller  than  the  corresponding  total  variances. 

All  calibrations  are  expressed^ in  "  one-way"  or  single-path  degrees. 
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lation,  i.e.,  if  the  time  variations  in  phase  constituted  a  stationary- 
process.  In  that  case  the  spectral  density  estimates  at  each  frequency 
would  be  distributed  according  to  the  chi- squared  distribution  with  an 
effective  number  of  degrees  of  freedom  determined  by  the  number  of 
data  points  used  in  each  estimate,  the  number  of  frequencies  for  which 
estimates  were  computed,  and,  to  a  very  limited  extent,  by  the  slope 
of  the  spectrum.  Using  the  sample  median  to  approximate  the  "true" 
median,  the  dashed  lines  labelled  "  95%  stability  limits"  represent  the 
bounds  within  which  9  5%  of  all  such  spectral  estimates  might  be  expected 
to  fall  if  the  process  were  indeed  stationary.  In  view  of  the  large  long¬ 
term  changes  in  phase  and  meteorological  conditions  shown  in  Figs.  7 
and  8,  it  is  not  surprising  that  about  50%  of  the  spectral  estimates  fall 
outside  the  9  5%  stability'  limits,  indicating  systematic  changes  in  spec¬ 
tral  density  over  the  40- hour  period.  In  fact,  it  is  remarkable  that  the 
sample  spectra  are  so  similar,  both  in  slope  and  magnitude. 

It  will  be  noted  that  there  is  a  tendency  for  the  slope  to  approach 
zero  at  the  high  frequency  end  of  each  set  of  spectra.  This  is  caused  by 
"  aliasing,"  or  the  addition  to  the  computed  densities  of  power  actually 
present  at  the  higher  frequencies.  For  spectra  having  steep  slopes 
(such  as  these)  aliasing  causes  an  error  which  is  about  2  to  1  at  the 
highest  frequency  of  each  spectrum  and  which  diminishes  rapidly  with 
frequency.  Additional  flattening  of  the  spectrum  above  about  6  cycles 
per  second  is  probs.bly  caused  by  "  noise"  introduced  in  the  process  of 
reading  and  analyzing  the  data,  a.nd  should  be  ignored.  Making  allow¬ 
ances  for  aliasing  and  reading  error  noise,  it  appears  that  the  slope  of 
the  phase  spectrum  is  essentially  constant  over  the  range  from  8  cycles 

per  day  to  12.5  cycles  per  second,  the  power  density  being  appr oximately 
-2 . 8 

proportional  to  f 
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Figs.  15  and  16  show  the  seven  spectra  from  the  lower  frequency- 
range  of  the  Sanborn  data  and  the  five  spectra  from  the  high  frequency 
range  of  the  Varian  data  identified  individually  by  time  of  day.  In  general, 
there  appears  to  be  no  outstanding  correlation  between  these  spectra  and 
either  the  time  of  day  or  gross  meteorological  variations  (with  the 
obvious  exception  of  the  spectra  taken  from  the  stormy  afternoon  of 
September  15).  One  is  tempted  to  attach  some  significance  to  the  fact 
that  the  phase  variance  was  somewhat  lower  during  the  period  of  high 
humidity  following  the  siorm  than  it  was  later  during  the  period  of 
warmer  and  drier  weather.  This  is,  of  course,  too  small  a  data  sample 
to  warrant  drawing  any  conclusions,  and  the  correlation  of  phase  and 
meteorological  data  will  be  thoroughly  studied  in  subsequent  measure¬ 
ments. 

During  the  afternoon  of  September  17  (after  the  40-hour  run),  the 
polarization  of  the  antennas  at  both  ends  of  the  path  was  changed  from 
horizontal  to  vertical  and  back  again  to  horizontal.  Samples  of  phase 
variations  before  and  after  the  changes  were  analyzed  to  determine  if 
the  power  spectrum  is  influenced  by  the  choice  of  polarization.  Figs.  17 
and  18  show  the  results  of  this  analysis.  There  is  no  indication  that 
polarization  has  any  effect  on  the  phase  data.  This  lends  some  support 
to  the  belief  that  there  is  little  possibility  of  multi- path  effects  caused 
by  ground  reflections  from  the  mesa  at  Roberts  Lake  (See  Figs.  1  and  2). 

In  summary,  the  phase  spectrum  analysis  described  here  indicates 

that:  (l)  the  slope  of  the  power  spectrum  is  nearly  constant  over  the 

range  of  frequencies  from  0.0001  cps  to  about  lO  cps,  the  spectral 

-2  8 

densities  being  roughly  proportional  to  f  ;  (2)  except  for  the  after¬ 
noon  of  September  15  when  a  rainstorm  crossed  the  path  and  caused 
large  high  frequency  fluctuations  in  phase,  the  power  spectrum  remained 
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Figure  15 


(DEGREES  )2/CYCLE  PER  SECOND 


SAMPLE  POWER  SPECTRA  OF  PHASE  VARIATIONS 
IN  9400  M C  TRANSMISSIONS  OVER  A  9.4-MILE  PATH 


Green  Mountain  Mesa -Table  Mesa  Band-Pass  Sanborn  Recording 


Figure  16 


(DEGREES)  /CYCLE  PER  SECOND 


COMPARISON  OF  POWER  SPECTRA  OF  9400  Me  PHASE  VARIATIONS 
USING  HORIZONTAL  AND  VERTICAL  POLARIZATION 

Green  Mountain  Mesa -Table  Mesa  Path  September  17,1958 


CYCLES  PER  SECOND 


Figure  17 


(DEGREES) /CYCLE  PER  SECOND 


COMPARISON  OF  POWER  SPECTRA  OF  9400  Me  PHASE  VARIATIONS 
USING  HORIZONTAL  AND  VERTICAL  POLARIZATION 
Green  Mountain  Mesa —Table  Mesa  Path  September  17,  1958 


0.05  0.1  0.2  05  I  2  5  10  20  50 


CYCLES  PER  SECOND 


Figure  18 


13 


fairly  constant  as  a  function  of  time  both  with  regard  to  magnitude  and 
to  slope;  (3)  the  phase  variations  appear  to  be  insensitive  to  changes  in 
polarization. 


The  time  variations  in  phase  can  also  be  interpreted  as  variations 


in  the  radio  frequency  of  the  received  signal.  (See  appendix).  The  fre¬ 
quency  variation  spectrum  can  be  obtained  from  the  phase  spectrum 
simply  by  multiplying  the  latter  by  the  square  of  the  spectral  frequency 
(with  appropriate  conversion  of  units.  ) 


Fig.  19  shows  the  frequency  variation  spectra  corresponding  to 


the  phase  spectra  shown  in  Fig,  13.  They  were  obtained  by  multiplying 
the  phase  spectral  density  at  the  frequency  f  cycles  per  second  by 


tt  f 


The  spectral  density  of  radio  frequency  variations  decreases 


180 


relatively  slowly  with  increasing  spectral  frequency,  being  approxi- 

-0.8 

mately  proportional  to  f  .  (The  exponent  here  is  simply  the  value 
obtained  for  the  phase  spectrum  increased  by  2.)  The  apparent  increase 
in  power  at  the  high  frequency  end  (above  about  6  cycles  per  second)  is 
caused  by  the  reading  error  noise  mentioned  previously  and  should  be 
ignored. 


FUTURE  PLANS 


In  conference  with  representatives  from  Space  Technology  Lab¬ 


oratories,  held  in  Boulder  on  9-25-56,  the  following  plans  were  agreed 
upon  for  the  next  phase  of  activities. 


1.  The  effects  of  antenna  size  will  be  investigated  by 
repeating  the  x-band  measurements  over  the  9.4  mile  path 
using  4  foot  parabolic  antennas  and  attempting  to  extend  the 
run  to  5  days  without  interruption.  The  majority  of  the  data 
will  be  taken  using  horizontal  polarization  with  some  samples 
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of  vertical  included.  The  primary  recordings  of  vari¬ 
ations  in  phase  of  the  radio  signals  will  be  supplemented 
by  surface  measurements  of  temperature  pressure, 
relative  humidity,  and  velocity.  Microwave  refracto- 
meters  and  time-lapse  movies  will  be  added  as  the 
equipment  becomes  available  to  provide  a  more  complete 
picture  of  the  local  atmospheric  conditions. 

2.  The  experiments  described  in  1  will  be  repeated 
over  a  2  mile  path  using  the  18  inch  antennas  and  over 
the  9.4  mile  path  using  1000  MC  and  10  foot  parabolic 
antennas . 

3.  An  additional  series  of  experiments  will  be  performed 
using  18  inch  antennas,  9400  MC,  and  a  path  of  a  few 
thousand  feet  with  two  antennas  at  one  terminal.  These 
will  be  arranged  so  that  one  is  near  a  maximum  in  the 
height -gain  pattern  and  the  other  is  near  a  minimum. 

The  phase  variations  of  each  of  the  two  paths  will  be 
measured  independently  but  simultaneously  in  an  attempt 
to  determine  the  effects  of  ground- reflection  on  the  phase 
stability. 
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APPENDIX 


To  express  the  effects  of  the  atmospheric  turbulence  on  the 


propagated  signal  in  terms  of  its  frequency-modulation  effects  rather 
than  phase  variations,  we  may  write  the  transmitted  and  received  waves 
(ignoring  attenuation)  as  follows: 


ioot 


(  1 


e 


e 


T 


i(cot-kl)  _  i(cot-  0)  (2 


e 


€ 


=  € 
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If  we  define  the  frequency  of  the  received  signal  as  the  time 
derivative  of  the  total  phase  term  we  obtain: 


(3 


a  e 


(4 


AlO  =  GO-GO 


or 


at 


Thus,  the  frequency  deviation  from  the  turbulence  is  proportional 


to  the  slope  of  the  phase  records  obtained  in  the  experiment.  To  obtain 
the  spectrum  of  the  frequency  deviation  from  the  phase  records  is 
relatively  simple. 

If  0  is  some  function  of  time  which  we  assume  can  be  represented 
as  a  Fourier  series,  we  write: 

0  (t)  =....+  a  cos  2  it  f  t  +  .  .  .  .  (5 

n  n 

and  express  its  spectrum  in  terms  of  the  values  of  a  corresponding  to 
f  .  If  we  take  the  derivative  of  5  ,  we  obtain  a  second  series  of  the  form 


n 


.  .  .  .  +  2-rrf  a  sin  2-rrf  t  4  .  .  .  . 
n  n  n 


n 


80 

Ft 
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This  may  be  expressed  in  the  same  form  as  (  5 

-44-  =  .  •  •  •  +  b  cos  2uf  t  +  .... 

9 1  n  n 

in  which  each  b  is  related  to  the  original  coefficient  a  by  the  equation 
n  n 


b  -  Ztrf  a 
n  n  n 


(  6 


Consequently,  the  power  spectra  for  frequency  deviation  may  be 

obtained  from  the  power  spectra  of  phase  of  arrival  by  weighting  each 

2  t 

coefficient  with  the  appropriate  value  of  (2-rrf  )  .  This  is  done  very 

n 

simply  in  the  IBM  6  50  programming  and  each  ordinate  in  the  frequency 
deviation  spectra  is  obtained  from  the  corresponding  ordinate  in  the 
phase  spectrum  by  this  process. 
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